Strategically substituted indene derivatives are useful building blocks for high efficiency olefin polymerization metallocene catalysts. In this paper, various 4-aryl-substituted 2-methyl-1H-indanones were prepared efficiently using a ligand-free palladium-catalysed Suzuki coupling procedure. Quantitative yields of indanone intermediates were achieved for most of the noncoordinative substrates with a loading of 0.005 mol% of palladium catalyst. The corresponding indene derivatives were obtained in high purity and multi-gram scale in excellent yields, following a simple sequential reduction and dehydration procedure.
Introduction
Among numerous highly active homogeneous olefin polymerization catalysts, racemic dimethylsilyl-bridged bis-2-methyl-4-phenylindenyl ZrCl2, (Figure1) reported by the Hoechst team in the early 1990s, acts as a cornerstone in isospecific propylene polymerization catalysis, producing isotactic polypropylene (iPP) with significantly high catalytic activity, high molecular mass, high iso-specificity, and high melting point for industrial applications. Known results have shown that methyl and phenyl substitutions are responsible for superior performance of the catalysts in respect of high molecular weight, isotacticity and activity. [1] [2] [3] Subsequent research found that the precatalyst 1 is also a versatile catalyst for the preparation of olefin copolymers [4] [5] [6] [7] [8] or heteroatom containing functionalized copolymers, [9] [10] [11] [12] [13] [14] which could potentially be used for the substitution of In recent years, many computational studies have been reported aimed at understanding olefin polymerization mechanisms, which have stimulated the development of novel metallocenes useful for new plastic material production. [28] [29] [30] [31] In our continuing efforts to develop highly efficient metallocene catalysts based on theoretical computation and high-throughput methods for specialty polyolefins, a simple and efficient synthesis of high purity 4/7-arylindene derivatives is, undoubtedly, of great importance. In this respect, special attention has been paid to 4-arylindanones 4, which can easily be converted into substituted 7-arylindenes 5 and thence into electron-rich ligands 6 following known procedures (Scheme 2). Moreover, the brominated indanones 2 could easily be prepared from abundant commercially available materials. Also, the electron-withdrawing property of the ketone group facilitates the oxidative addition of aryl bromide to the palladium center, which in most cases is known as the rate determining step in the catalytic cycle (Scheme 3). [32] [33] [34] [35] PEG-mediated ligand-free Suzuki coupling reactions are attractive because they avoid the use of a complex ligand, thus reducing the residue of harmful and costly noble metals in the final product and simplifying work-up procedures. [36] [37] [38] [39] We report here a highly efficient ligand-free catalytic system for the Suzuki coupling of 4-bromo-2-methyl-1H-indanone with aryl/heteroaryl boronic acids in a tetrabutylammonium bromide (TBAB)/Pd(OAc)2/ PEG400 system. Most of the reactions were complete in one hour at 110 °C without inert gas protection. Following a prototype reduction and dehydration procedure, the final 7-aryl-2-methyl-1H-indene products could be prepared in excellent yields. Multi-gram mol% furnished the coupled product in lower yields. Reported results showed that TBAB played a dual role for the reaction, as phase transfer catalyst and also as a nano-palladium stabilizer (Table  1, entries 6, 7) . Surprisingly, on reducing the loading of the noble metal catalyst precursor Pd(OAc)2 from 0.1 mol% to 0.01 mol%, or even to as low as 0.005 mol%, identical catalytic productivities were achieved under otherwise identical reaction conditions. Further decreasing the catalyst loading to 0.001 mol% resulted in a lowered yield of coupling product (53% in three hours). To the best of our knowledge, this is one of the most efficient methods for this kind of indanone synthesis to date (Table 1 , entries 8, 9, 10). As a comparison, the same coupling was performed under the commonly used oxygen-free coupling conditions with 0.1 mol% of Pd(PPh3)4 as the catalyst, and 90% of coupling yield was obtained in five hours (Table 1 , entry 11). With the process established, a variety of coupling reactions of 4-bromo-2-methylindan-1-one with substituted phenylboronic acids were investigated ( Table 2 , entries [19] [20] [21] . Generally, the ortho substituted phenylboronic acids produced a somewhat inferior result to their meta and para substituted congeners, thus the reaction of 2-trifluoromethylphenylboronic acid needed as high as 5 mol% of catalyst loading to deliver sufficient catalytic productivity (79% yield). We ascribed this to the stereo-hindrance effect of the substrates ( Most of the reactions proceeded smoothly and produced the desired indene products in excellent yields. It is should be noted that higher concentrations in the dehydration step may promote undesirable side reactions, especially for some electron-rich substrates.
Considering the solubility differences of PEG400, Pd(OAc)2, TBAB, arylboronic acids, substituted indanones and related indenes, developing a fast and highly efficient 7-aryl-2-alkyl-1H-indene synthetic procedure with simple purification operations is highly desirable. To this end, 3,5-bis(trifluoromethyl)phenylboronic acid was chosen as the model substrate for a multi-gram scale (4.5 g, 20 mmol) synthesis following the current procedure. According to previous results, the couplings were fast, clean and previously observed side reactions, such as debromination and/or de-boronation were, to our surprise, not observed; thus the aryl boronic acid was used in slight excess (1.05 eq.). As expected, the reaction proceeded smoothly at higher concentration and was accomplished with only 0.005 mol% of catalyst loading. After normal extraction and evaporation, complete removal of residual PEG400, Pd(OAc)2, TBAB and aryl boronic acid was achieved by washing with cold methanol. After the reduction and dehydration protocol, the crude product was washed again with methanol to give 86% of pure indene derivative 10a15 as a white crystalline material (Scheme 4).
Scheme 4
Multi-gram scale synthesis of 10a15 from 8a15.
Conclusions
A ligand-free Suzuki coupling system consisting of PEG-400/Pd(OAc)2/TBAB/K2CO3 in optimized ratio was employed for the Suzuki-Miyaura coupling reaction of 4-bromo-2,3-dihydro-2-methyl-1H-inden-1-one (7) with aryl and/or heteroarylboronic acids. Most of the substituted phenylboronic acids reacted smoothly with 0.005 mol% of catalyst loading, and all the reactions were accomplished within a period of 0.5-3 hours in excellent yields (82-98%). Some of the heteroarylboronic acids also reacted in good to excellent yield (59-90%) with controlled low catalyst loading (0.01-5 mol%). The intermediate indanones could be easily transformed into their indene derivatives in high purity and high productivity. Multi-gram scale reaction of 8a15 was conducted following our typical Suzuki-Miyaura coupling, reducing and dehydrating procedures without fractional distillation or column chromatographic purification. Pure substituted indene 10a15 was obtained in high yield. Coupling of more complex substituted indanones with arylboronic acids following the current procedure is in progress and the catalytic properties of newly prepared novel C1 and C2 symmetric metallocenes are under evaluation.
Experimental Section
General. Melting points were measured on a Novel X-5 melting point instrument. All 1 H NMR (400 MHz) and 13 C NMR (100 Hz) spectra were measured in CDCl3 and recorded on Bruker Avance II 400 ( 1 H NMR) spectrometer with chemical shifts reported as ppm (with TMS as an internal standard). Purification of the reaction products was carried out by flash chromatography (FC) on silica gel (200-300 mesh). HRMS were conducted on GCT mass spectrometer (EI). All reactions were carried out in air and using distilled solvents, without any precautions to exclude moisture unless otherwise noted. Commercial grade reagents and solvents were used without further purification; otherwise, where necessary, they were purified as recommended. and PEG400 1.0 g. The vial was capped and the mixture was stirred at 110 °C till completion (TLC). 5 mL of water was added and the contents were extracted with EtOAc (10 mL × 3), the combined organic phases were washed with brine (10 mL × 3), dried over MgSO4 and concentrated. The residue was subjected to column chromatography to obtain the desired product 9a0 in 98% yield. 1 Typical procedure for 7-aryl-2-methyl-1H-indene synthesis To a solution of 2,3-dihydro-2-methyl-4-phenyl-1H-inden-1-one 9a0 (222.3 mg, 1.0 mmol) in 15 mL of THF/MeOH (2:1), was added 114 mg (3.0 mmol, 3.0 eq.) of NaBH4 in portions at 0 o C. The reaction mixture was warmed slowly to rt and stirred till completion (TLC). The solvent was evaporated and 10 mL of water was added. The mixture was extracted with EtOAc (10 mL X 2). The combined organic extracts were dried and evaporated. The residue was taken up in 50 mL of toluene and mixed with 100 mg of TsOH monohydrate. The formed mixture was refluxed with Dean-Stark head for 2 h. 30 mL of ethyl acetate was added and the resulting solution was washed with Na2CO3 (10%). The organic layer was separated and the aqueous layer was extracted with EtOAc (30 mL × 2). The combined organic extracts were dried and then filtered through a short pad of silica gel. The solvent was evaporated to give pure 2-methyl-7-phenyl-1H-indene 10a0. 
